Penicillic acid-negative mutants were obtained from a color mutant derived from Penicillium cyclopium NRRL 1888 through N-methyl-N'-nitro-N-nitrosoguanidine treatment. One mutant (SK2N6) accumulated 6-methyl-1,2,4-benzenetriol, which was not previously known to be a metabolite of P. cyclopium, in addition to orseilinic acid and orcinol. The radioactivity of [1-14C]acetic acid was rapidly incorporated into 6-methyl-1,2,4-benzenetriol in a culture of P. cyclopium SK2N6. Moreover, the radioactivity of [14C]6-methyl-1,2,4-benzenetriol was efficiently incorporated into penicillic acid in a culture of P. cyclopium NRRL 1888. These data indicate that 6-methyl-1,2,4-benzenetriol is a precursor for penicillic acid biosynthesis. The results on the addition of 1,4-dihydroxy-6-methoxy-2-methylbenzene, 6-methoxy-2-methylbenzoquinone(1,4), and 1-0-methylorcinol to a culture of P. cyclopium SK2N6 indicated that only the former two compounds are converted to penicillic acid. Thus, a new portion of the penicillic acid biosynthetic pathway is proposed.
basis of results obtained on the addition of 14C-labeled substances to cultures of Penicillium cyclopium NRRL 1888. An antimetabolite, 5-chloroorsellinic acid, inhibited the formation of penicillic acid, but some of the compounds listed above accumulated in large quantities (7) .
It is well known that patulin is a tetraketide mycotoxin, the biosynthetic pathway for which was found in various blocked mutants, cell extracts, and immobilized cells (11) (12) (13) (14) (15) . On the other hand, the biosynthetic route for penicillic acid, which is also a tetraketide, remains ambiguous.
In this report we describe the isolation of penicillic acidnegative mnutants and the isolation and characterization of a new intermediate in penicillic acid biosynthesis. We also propose a new portion of the penicillic acid biosynthetic pathway.
MATERIALS AND METHODS
Culture media and conditions. The sucrose-yeast extract agar medium used for slant cultures was a modified glucoseyeast extract agar medium (10) supplemented with 30 g of sucrose per liter instead of glucose. For submerged cultures, 50 ml of Raulin-Thom medium supplemented with diammonium tartrate (modified Raulin-Thom medium) (2) in a 300-ml Erlenmeyer flask was inoculated with conidia, followed by incubation (MlOON incubator; Taiyo) at 25°C for 3 to 6 days at 110 reciprocations per min.
Microorganisms and isolation of penicillic acid-negative mutants. A penicillic acid producer, P. cyclopium NRRL 1888, and mutants derived from it were used in this study. Because contamination was easy to check, color mutants were first isolated as follows. Onto a slant of P. cyclopium NRRL 1888 was poured 10 ml of an aerosol OT solution (450 ,ug/ml; Wako Pure Chemicals), and then a conidial suspension was prepared by scraping the surface of the slant followed by vortexing. Ethyl methanesulfonate (0.1 ml) was added to 2 ml of the conidial suspension, followed by incubation for 2 h at 25°C. After several washings by centrifugation, the conidia were diluted and then plated onto the sucrose-yeast extract agar medium. Colonies of color mutants appearing on the plates were purified to single colonies, and then one of the yellow mutants, SK2, was further mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine as follows. Conidia of the SK2 mutant were suspended in an N-methyl-N'-nitro-N-nitrosoguanidine solution (600 ,ug of 0.1 M Tris maleate buffer [pH 6.5] per ml), followed by incubation for 2 h at 25°C. After several washings each diluted suspension was plated onto the sucroseyeast extract agar medium to yield 30 to 50 colonies per plate. After 72 to 75 h at 25°C, Bacillus subtilis spores were sprayed onto the plates, followed by incubation for an additional 12 to 16 h. Colonies with no or only small inhibition zones were isolated, purified, and assayed for penicillic acid production.
Isolation and characterization of 6-methyl-1,2,4-benzenetriol. One liter of a 96-h culture of a penicillic acid-negative mutant, SK2N6, in modified Raulin-Thom medium was suction-filtered through Whatman no. 1 filter paper, and the filtrate was acidified to pH 2.0 with 2 N HCI and then extracted with 2 Nuclear Corp., Boston, Mass.) was added to the flask, followed by incubation at 25°C at 120 reciprocations per min. Samples (3 ml) were withdrawn at 3 and 6 h after the addition. A total of 2 ml of each filtered sample was acidified to pH 2.0 and then extracted with 2 equal volumes of ethyl acetate. The extracts were concentrated to dryness by rotary evaporation, and then 1.5 ml of ethyl acetate was added to the extracts. Portions (25 jxl each) of the extracts were spotted onto TLC plates (high-performance TLC plates; silica gel 60 F254S; Merck). Pure standards (orsellinic acid, orcinol, and penicillic acid, 12.5 [LI each of 10 mM solutions; 6-methyl-1,2,4-benzenetriol, 12.5 ,ul, undetermined concentration) were routinely spotted onto each plate. After development with solvent A, the pattern of spots was traced after visualization under UV light or after a p-anisaldehyde solution was sprayed onto the plate. Slices (width, 4 mm) of an unsprayed lane were consecutively scraped into mini scintillation vials, each of which contained 2 ml of a scintillation solution (Scintisol EX-H; Wako). After scintillation counting, the counts per minute value for each slice was plotted to yield a radiochromatogram, and the previously determined elution pattern was then added.
Preparation of ['4C]6-methyl-1,2,4-benzenetriol. A 72-h culture of P. cyclopium SK2N6 (50 ml) was filtered, and then the cells were washed and added to 50 ml of the modified Raulin-Thom medium in a 300-ml flask. Sodium [1- 14C]acetate (20 ,uCi) was added to the flask. After 16 h of incubation at 25°C, the culture was filtered, and then the radioactive filtrate (38 ml) was mixed with an unlabeled filtrate (80 ml) from a 96-h culture of P. cyclopium SK2N6.
The mixture was acidified and extracted, and then the combined extracts were spotted onto a preparative TLC plate and developed as described above for the isolation and characterization of 6-methyl-1,2,4-benzenetriol. The major band was scraped off and extracted with ethyl acetate. The combined extracts were evaporated to dryness, and the residue was dissolved in 3.8 ml of ethyl acetate. This compound showed one spot on TLC (Rf, 0.46 with solvent A, which corresponds to that of authentic 6-methyl-1,2,4-benzenetriol). A single peak of radioactivity was observed on TLC, and the peak position completely corresponded with the spot. The specific activity determined by measuring the counts per minute and from the A289 (in H20) was 4.1 x 105 cpm/mg [when X (£) = 289 nm (3,053)], and the percent incorporation of the radioactivity into 6-methyl-1,2,4-benzenetriol was 7.8%.
Addition of [14C]6-methyl-1,2,4-benzenetriol to a culture of P. cyclopium NRRL 1888. An 88-h culture of P. cyclopium NRRL 1888 (30 ml) was filtered, and then the cells were washed and added to 30 ml of the modified Raulin-Thom medium in a 300-ml flask.
[14C]6-methyl-1,2,4-benzenetriol (9 x 105 cpm) was added to the flask, which was then shaken at 25°C at 120 reciprocations per min. Samples (3 ml) were withdrawn at time zero and at 7 h and immediately filtered. A 1-ml sample of each filtrate (16,700 cpm for the 7-h sample) was acidified to pH 2.0 and then extracted with 2 equal volumes of ethyl acetate. The extracts were concentrated to dryness, and then 100 [I1 of methanol was added to the residue. Portions (25 [L1 each) of the extracts were spotted onto TLC plates, which were then developed with solvent A. The pure standard mixture containing 6-methyl-1,2,4-benzenetriol(10 mM, 25 1l) was also spotted onto the TLC plate.
Slices (width, 2 mm) of an unsprayed lane were scraped off, and the counts per minute value was determined as described above.
Synthesis of precursors in penicillic acid biosynthesis. 1-0-Methylorcinol, 1,4-dihydroxy-6-methoxy-2-methylbenzene, and 6-methoxy-2-methylbenzoquinone(1,4) were synthesized as described by Axberg and Gatenbeck (1). Addition of cold precursors to a culture of P. cyclopium SK2N6. A 72-h culture of P. cyclopium SK2N6 (150 ml) was filtered, and then the cells were washed and added to 150 ml of the modified Raulin-Thom medium. Portions (20 ml each) of the cell suspension were transferred to 100-ml Erlenmeyer flasks, and then 1-0-methylorcinol, 1,4-dihydroxy-6-methoxy-2-methylbenzene, and 6-methoxy-2-methylbenzoquinone(1,4) were added to final concentrations of 1 mM. After 3.5 and 7 h of incubation at 25°C, 5-ml samples were withdrawn, and 1 ml of the culture filtrate was extracted and concentrated as described above for the addition of [14C]6-methyl-1,2,4-benzenetriol to a culture of P. cyclopium NRRL 1888. The equivalent of 0.25 ml of the original filtered sample was subjected to TLC (silica gel 60 F254; Merck) with development with solvent A. Spots were visualized by heating the TLC plate after spraying it with a p-anisaldehyde solution.
RESULTS
Two penicillic acid-negative mutants were isolated from a yellow mutant, P. cyclopium SK2. One mutant did not produce any penicillic acid pathway metabolites, but the other (SK2N6) produced an unknown compound (K) which turned brown on heating at 1200C for 5 min after it was sprayed with a p-anisaldehyde solution, in addition to producing orsellinic acid and orcinol.
Identification of compound K as 6-methyl-1,2,4-benzenetriol. Because a submerged culture of mutant SK2N6 produced large quantities of compound K (i.e., -300 mg of crystals per liter of culture medium), this metabolite was extracted with ethyl acetate and purified by preparative TLC and crystallization from chloroform-ethyl acetate (10:1, vol/vol). The compound was found to have a molecular formula of C7H803 (molecular weight, 140.14). Analysis (Fig. 1) . Because the coupling constant of aromatic protons is 2.5 Hz, they were determined to be in a meta position. These data indicate that compound K is 6-methyl-1,2,4-benzenetriol. The physicochemical data for 1,4-dihydroxy-6-methoxy-2-methylbenzene (3) supported this identification.
As measured by a standard agar plate diffusion assay method (11), the antibiotic activity of 6-methyl-1,2,4-benzenetriol against B. subtilis showed that inhibition of 2.5 mM 6-methyl-1,2,4-benzenetriol was equivalent to that of 1 mM penicillic acid.
Radiolabeling studies. Before the isolation and structural elucidation of 6-methyl-1,2,4-benzenetriol, [1-'4C] acetate was added to a shake culture of penicillic acid-negative mutant SK2N6, and the results demonstrate that compound K is acetate derived (Fig. 2) (4) . Recently, it was also found as one of the U compounds formed on degradation of orcinol in Aspergillus niger (9) . A related compound, 1,4-dihydroxy-6-methoxy-2-0 methylbenzene, was found in the culture filtrate of Penicillium baarnense (3) . Therefore, the hydroxylation of orcinol may occur more frequently than previously thought in various microorganisms. 0o
Penicillic acid is a well-known mycotoxin and has a structure similar to that of patulin, and its first precursor is 6-methylsalicylic acid, which is derived from a poly-p- hydroxylation to gentisyl alcohol followed by oxidation (5, 15) . In penicillic acid biosynthesis, orsellinic acid is the first that after 3 h '4C is incorporated into 6-methyl-1,2,4-precursor and is also derived from a poly-p-ketomethylene enetriol and orsellinic acid. After 6 h the radiochromatochain. Axberg and Gatenbeck (1) proposed that orsellinic iic pattern did not change except that the amount of acid and 1-0-methylorcinol are the first precursors of linic acid decreased slightly (data not shown). Radioacpenicillic acid. In their study, orsellinic acid was methylated incorporation was also observed in the low Rf region to 2-0-methylorsellinic acid and then converted to a key 2), but compounds in this region were not identified.
intermediate, 1,4-dihydroxy-6-methoxy-2-methylbenzene, cause 6-methyl-1,2,4-benzenetriol is a demethylated whereas 1-0-methylorcinol is directly hydroxylated to the ,ative of 1,4-dihydroxy-6-methoxy-2-methylbenzene key intermediate. Because we isolated 6-methyl-1,2,4-rnly accumulated in a penicillic acid mutant (SK2N6), benzenetriol from the penicillic acid-negative mutant and irther determined whether it is a precursor of penicillic 6-methyl-1,2,4-benzenetriol was efficiently converted to or an end product. Pure 14C-labeled 6-methyl-1,2,4-penicillic acid, we can state that the precursor comes just enetriol was prepared from a P. cyclopium SK2N6 before 1,4-dihydroxy-6-methoxy-2-methylbenzene in the re as described above, and then it was added to a penicillic acid biosynthetic pathway. Orsellinic acid was ied culture of a penicillic acid producer, P. cyclopium always accumulated with 6-methyl-1,2,4-benzenetriol in P. L 1888. After 7 h of incubation at 25°C, most of the cyclopium SK2N6 cultures, and orcinol was also observed activity was found to have been incorporated into after longer incubation of SK2N6 (data not shown). Therepenicillic acid (Fig. 3) .
Addition of penicilic acid precursors to a culture of P. cyclopium SK2N6. As mentioned above, the penicillic acid biosynthetic pathway in P. cyclopium SK2N6 appeared to be blocked just before 1,4-dihydroxy-6-methoxy-2-methylbenzene. This was confirmed by the finding that when 1,4-dihydroxy-6-methoxy-2-methylbenzene or 6-methoxy-2-methylbenzoquinone(1,4) was added to washed cells of P. cyclopium SK2N6, only penicillic acid was formed (Fig. 4,  lanes I to L) . On the addition of 1-0-methylorcinol to a culture of SK2N6, penicillic acid was not produced (Fig. 4,  lanes G and H) . Incidentally, orsellinic acid was visible under UV light (254 nm) on a fluorescent plate, but orcinol was only poorly visible. Both compounds turned a red color, with similar intensities, after they were sprayed with a p-anisaldehyde solution. Because the spots at Rf = 0.70 in lanes G, H, I, J, M, and N were visible under UV light, they were assumed to be orsellinic acid. These results indicate that the blocked site in the penicillic acid biosynthetic pathway in P. cyclopium SK2N6 is just before 1,4-dihydroxy-6-methoxy-2-methylbenzoquinone, and it is probably the step of 6-methyl-1,2,4-benzenetriol methylation. fore, we propose the penicillic acid biosynthetic pathway shown in Fig. 5 . The first two steps, i.e., the decarboxylation of orsellinic acid to orcinol followed by hydroxylation of the latter to 6-methyl-1,2,4-benzenetriol, are very similar to those in the patulin biosynthetic pathway. 
